Abstract. Analysis of satellite ocean color, sea surface temperature, and sea ice cover data reveals consistent patterns between biological production, iron availability, and physical forcings in the Southern Ocean. The consistency of these patterns, in conjunction with information on physical conditions during the last glacial maximum (LGM), enables estimates of export production at the LGM. The LGM Southern Ocean experienced increased wind speeds, colder sea surface and atmospheric temperatures, increased deposition of atmospheric dust, and a greatly expanded winter sea ice cover. These variations had strong effects on Southern Ocean ecology and on air-sea fluxes of CO2. The seasonal ice zone (SIZ) was much larger at the LGM (30 million km 2) than at present (19 million km2). The Antarctic Polar Front (PF) likely marked the northern boundary of this expanded SIZ throughout the Southern Ocean, as it does today in the Drake Passage region. A large northward shift in the position of the PF during glacial times is unlikely due to topographic constraints. North of the PF, the increased flux of aeolian dust during glacial times altered phytoplankton species composition and increased export production, and as a result this region was a stronger sink for atmospheric CO2 than in the modem ocean. South of the PF, interactions between the biota and sea ice strongly influence air-sea gas exchange over seasonal timescales. The combined influence of melting sea ice and increased aeolian dust flux (with its associated iron) increased both primary and export production by phytoplankton over daily-monthly timescales during austral spring/summer, resulting in a strong flux of CO2 into the ocean. Heavy ice cover would have minimized air-sea gas exchange over much of the rest of the year. Thus, an increased net flux of CO2 into the ocean is likely during glacial times, even in areas where annual primary production declined. We estimate that export production in the Southern Ocean as a whole was increased by 2.9 -3.6 Gt C yr -• at the LGM, relative to the modem era. Altered seasonal sea ice dynamics would further increase the net flux of CO2 into the ocean. Thus the Southern Ocean was a strong sink for atmospheric CO2 and contributed substantially to the lowering of atmospheric CO2 levels during the last ice age.
Introduction
Martin [1990] argued that the Southem Ocean surrounding Antarctica was a much stronger sink for atmospheric carbon dioxide (CO2) at the last glacial maximum (LGM) due to an increase in phytoplankton primary production driven by elevated fluxes of iron from continental dust sources to surface waters. This process was termed the iron hypothesis for explaining the observed lowering of atmospheric CO2 during the last ice age [Martin, 1990b] suggested release from iron limitation by increased atmospheric deposition as a mechanism for increased Southern Ocean productivity at the LGM.
Atmospheric dust levels were much higher at the LGM [Petit et al., 1981 [Petit et al., , 1990 ]. This increased dust deposition was a global phenomenon with greatly increased dust inputs Ecological structure is fundamentally different in the blooming and nonblooming regions of the Southern Ocean. In the bloom regions, phytoplankton biomass is dominated by larger diatom species, although Phaeocystis (a prymnesiophyte) can be an important component in Antarctic coastal, shelf, and ice edge waters. These species are able to escape grazing control by their predators, typically larger zooplankton, i.e., krill and copepods, which have long generation times compared to the phytoplankton. These bloom regions tend to have high f ratios and export production [Trdguer and Jacques, 1992; Banse, 1996]. The f ratio, the ratio of new production to total production, represents the fraction of phytoplankton production available for export from the surface layer over annual timescales [Dugdale and Goering, 1967 These results suggest that percent opal and biogenic opal accumulation rates may not be reliable proxies of export production in the Southern Ocean over glacial-interglacial periods, as the amount of iron input to surface waters varied drastically [Takeda, 1998 ]. Such paleoproxies may underestimate glacial diatom production by more than 50% [Takeda, 1998 ]. Thus increases in export carbon of 100% or more could go unrecorded in the opal sediment record [Martin, 1992] .
In this paper we discuss the likely ecological consequences of increased atmospheric dust flux and the greatly expanded seasonal sea ice extent at the LGM and the subsequent effects on air-sea CO2 fluxes. Our analyses are based largely on satellite-derived estimates of sea ice cover, chlorophyll distributions, and frontal dynamics in the modem Southern Ocean. We use a broad definition for the Southern Ocean, encompassing the area from the North Subtropical Front to the Antarctic continent. Our methods for processing the satellite data and some assumptions are outlined in section 2. In section 3 we examine phytoplankton biomass and primary productivity patterns in the modem Southern Ocean incorporating new satellite ocean color data from SeaWiFS. In section 4, we review air-sea CO2 fluxes in the modern Southern Ocean. Seasonal' sea ice dynamics are critical to our arguments. We examine sea ice distributions in the modern ocean and at the LGM and their relationship to the Antarctic Polar Front in sections 5 and 6.
We examine the ecology of the Southern Ocean at the LGM in section 7. We propose that the expansion of the seasonal ice sheet and the increased aeolian iron flux at the
LGM resulted in an ecological regime shift within the whole area south of the PF toward a pattern similar to that observed in the southern Weddell and Ross Seas of the modem ocean.
This would lead to increased export production during austral spring and summer, and reduced outgassing of CO2 during winter. In section 8 we discuss the implications of this ice age Southern Ocean ecology for net air-sea CO 2 fluxes and, finally, the role of the Southern Ocean in the observed glacial atmospheric CO 2 decrease. We assume throughout this paper that the physiological properties of Southern Ocean phytoplankton have not changed significantly between modern and glacial times. Thus, while latitudinal range and biomass/numerical dominance within assemblages may change, the phytoplankton species present at the LGM responded to chemical and physical forcings in essentially the same way as phytoplankton in the modern day Southern Ocean. This assumption is justified because, in terms of evolutionary timescales, the LGM was a recent event. Column one gives the area of the ecological regions shown in December, with most of its area in the Weddell Sea (Table   1 ). Estimates of sea ice cover in the modem ocean and at the LGM are summarized in Table 2 . We calculated the maximum ice extent at the LGM as 1 o north of the modem day mean PF position. Thus the LGM SIZ encompasses the PFR, POOZ, SIZ, and WRR regions of the modem Southern Ocean (see Table 1 ). Recall that for Table 1 we used sea ice extent from the 1997-1998 season in calculating regional area, while in Table 2 we have used the climatological ice cover from the years 1978-1996. The LGM sea ice distribution is quite different from the modem ocean. The POOZ covers -9.7 million km 2 in the modem Southern Ocean but did not exist at the LGM ( Table 2) Modem day winter sea ice extent was calculated as areas with > 5% sea ice cover during the month of August in our sea ice climatology (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) In contrast, current understanding of the role of iron in Southern Ocean ecosystems argues strongly that the combined influence of meltwater input and elevated aeolian dust flux would have led to higher primary production and export fluxes during austral spring and summer. It could be argued that the higher wind speeds would deepen mixed layers, leading to light limitation and thus preventing production increases during summer. However, the high nitrate utilization efficiencies reported by Francois et al. [1997] argue that this did not happen. In addition, because light harvesting efficiency is greater in iron-replete cells 
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]. This would increase the flux of atmospheric CO2 into Subantarctic waters particularly during spring/summer months, when production would be at a maximum. Changes in ecosystem structure could also affect air-sea fluxes of CO 2 if they altered the mean CaCO3/organic C ratio of sinking matter, which would alter surface alkalinity [Howard and Prell, 1994] . Lowering this ratio would result in increased alkalinity and reduced pCO2 in surface waters [Howard and Prell, 1994] . Lower CaCO 3 accumulation rates [Nelson et al., 1993; Howard and Prell, 1994] ]. With minimal air-sea fluxes of CO2 the rest of the year because of persistent sea ice cover, the entire region south of the PF would have been a significantly stronger sink for atmospheric CO 2 than in the modern ocean. We have argued that the total biological export of carbon from surface waters south of the PF was higher at the LGM than at present. However, even areas where annual export production d•lined could be stronger net sinks for atmospheric CO2 than at present due to the interactions between the sea ice and biota over seasonal timescales• Additional analysis of sediment cores will improve our understanding of Southern Ocean ecology at the LGM. New paleoproductivity studies in the Pacific sector and south of -60øS should be a high priority, as there is relatively little data available at present. Further examination of the geological record will also improve estimates of summer sea ice extent at the LGM and could be used to teat our hypothesis that maximum winter ice extent was at or only slightly north of the modem mean PF location. 
